The absorption spectra o f hexatriene and d ivin yl acetylen e h ave been in v estig a ted in th e region 2700-1200 A . In b oth m olecules th e longest w ave-len gth regions o f absorption are th e strongest and these are interpreted as N ->FX intravalence shell transitions. T he spectra appear to be consistent w ith a value o f about 8*2 V for th e first ionization p o ten tia l o f hexatriene. Calculations based on certain features o f th e spectra g ive reasonable valu es for th e double-bond resonance integral. Graphs are g iven w hich enable th e first regions o f absorption and the ionization poten tials o f th e higher p olyen es to be predicted.
Previous publications (Price & Walsh 1940 , 1941 have described the ultra-violet spectra of various dienes. This paper is concerned w ith the simplest open-chain triene and with the closely related molecule, divinyl acetylene. Hexatriene was prepared by condensing allyl chloride with sodamide in liquid ammonia (Kharasch & Sternfeld 1939) . Its absorption in the ultra-violet starts with a pattern of bands in the region 2520-2100 A, which are slightly degraded towards short wave-lengths. The stronger bands of the pattern can be arranged in two progressions with differences of about 1610 cm.-1 (see table 1 ).
T a b l e 1. P r o g r essio ns in th e 2520-2100A b a n d system of h e x a t r ie n e difference between I v cm.-1 A v cm.-1 I v cm. -1 Av cm. -1 progressions  10  39,750  1620  7  40,977  1626  1227  9  41,370  1610  6  42,603  1615  1233  6  42,980  1610  5  44,218   -1238  3 45,690
The recurring difference of ca. 1615 cm.-1 is no doubt largely a in the double bonds. The differences between the progressions (~ 1230 cm.-1) may correspond to a mode of vibration of which only one quantum is excited, but we consider this unlikely and think th at the more plausible explanation is th at at least two types of hexatriene are present which differ only in the way in which they are bent. W ith each is associated a slightly different electronic energy of excitation which results in the vibration pattern corresponding to one isomer being displaced relative to th a t of the other. A fuller discussion of this is given later.
At 1900 A another absorption system starts. Both sharp and diffuse bands are present superimposed on a background of continuous absorption which at high pressures spreads to long and to short wave-lengths. This system has a maximum a t 1750 A. There are present a few pairs of bands separated by about 330 cm.-1 {Ax = 326, d 2 = 360 and zl3 = 313 cm.-1). These differences are probably analogous to the frequency difference of ca. 350 cm.-1 observed in butadiene. At the lower pressures continuous absorption sets in below 1400 A. This is due to absorption by the basic single CC and CH bond electrons and is to be compared with the absorption shown by ethane or hexane. At somewhat higher pressures there occurs in the region between about 1650 and 1500 A a number of weak though rather sharp bands which resemble the Rydberg bands of butadiene (Price & Walsh 1940) .'These conform approximately to the Rydberg formula = 66723 -R/(n + O90)2, bands being observed for n = 5, 6, 7 and 8 and continuous abs below the limit. The ionization potential to which this corresponds is 8-23 + 0*05 V. While the series on its own cannot be regarded as adequate evidence for this ioniza tion potential, we hope to check it by direct electron impact determinations. I t is supported by the following considerations. I t is in rough accord with the way, for the molecules ethylene, cis butene 2, butadiene and /?y-dimethyl-butadiene, the ionization potential determined spectroscopically decreases with increasing wave length of the first absorption maximum. Also, as shown later, it enables a rough value of the right order of magnitude to be obtained for the resonance integral, ft.
D is c u s sio n
Hexatriene has six ' tt ' electrons which occupy in pairs the three orbitals Xi> We may assume th a t it is these electrons, being the least strongly bound, th a t give rise to the lowest energy (longest wave-length) transitions. As far as the n electrons are concerned, the electronic structure of the normal state of hexatriene may be w ritten
N: xlx
In a series of recent papers Mulliken (1939a) has shown the importance for con jugated molecules of intra-valence-shell transitions arising from the transfer of a tt electron from a bonding to an antibonding molecular orbital. These transitions he labels N -> V .There are three antibonding orbitals (written th u s: y) correspond to the three bonding orbitals so th a t the low-energy levels may be pictured as in . These values are only approximate, since Huckel made the over-simplifica tion of assuming all the CC distances equal. .In fact, ft varies w ith the length of the link, and since hexatriene consists of alternate long and short finks, we should use long-and short-link resonance integrals. Lennard-Jones (1937) calculates th e short finks to be 1*34 A and the long finks to be 1*42 A. W ith these values he derives the orbital energies as ± 15*7, + 39*2, + 58*5 kcal. In order to facilitate comparison with Hiickel's values, we may express the results as multiples of /?, where /? is the short-link resonance integral calculated by Lennard-Jones as -35*0 kcal. This gives ± 0*449/9, + 1*12/9 and ± 1*67/9 for the orbital energies.
For an open-chain polyene the energy levels are non-degenerate, and if there are n double bonds the number of possible V states must be n 2. In the case of hexatriene these are
The only other upper states we need consider are Rydberg (22) in type. Since the longest wave-length transition is expected to be -> V, this transition is most pro bably to be identified with the system in the neighbourhood of 2500 A. This is in agreement with the value of about 1615 cm.-1 found for the excited double-bond frequency which is undoubtedly reduced somewhat relative to its value in the ground state. The latter is not known exactly but it must be greater than 1650 cm.-1, which corresponds to the unconjugated double-bond frequency. According to the simple scheme of figure 1 the transitions and A -> would both be expected to occur at the same wave-lengths. However, Mulliken's revised calculations show th a t the analogous transitions in butadiene are well separated. I t is not possible to say whether or not the 1750 A absorption is to be associated with one or both of these. Neither can it be affirmed th a t any of the other NV transitions actually occur, as these would be expected to be a t shorter wave-lengths in regions where there is much stronger general absorption due to electrons in basic single bonds.
The position of the first regions of absorption in hexatriene, butadiene and ethylene is roughly in accord with the values of their lowest antibonding energy levels: 0-449 /?,0*674/? and /? respectively. This supports their interpretation as mainly A -> Vi n type, though the hexatriene 2500 A absorption is also partly R yd berg in type as the n -2 member of the Rydberg series (1) is predicted t same neighbourhood. A similar conclusion has been reached in the case of butadiene and ethylene.
The assignment of the first absorption region in hexatriene as A -> Ij may be supported by showing th a t it yields reasonable values for /?. Using Mulliken's figures, the frequency of the A -> V x transition in butadiene should be
where e is the electronic interaction constant which varies according to the environ ment of the T fe lectrons. From Lennard-Jones's results, the energy of the Atransition in hexatriene should be (2 x 0-449/?) 4-e, ( ) where e is now the electronic interaction constant for hexatriene. I t will not be the same as the electronic interaction constant for butadiene. I t may be assumed th at /? has appreciably the same value in hexatriene as in butadiene, since the C = C distances are closely similar. Lennard-Jones in fact gives the same values of /? for the C = C bonds in both molecules. In order to eliminate e as far as possible we ought to compare hexatriene with a£-dimethyl-butadiene, so surrounding the electrons w ith the same framework of carbon atoms and their associated electrons.
Here the transition occurs a t about 45,600 cm.-1 (Carr, Pickett & Stiicklen 1942) . In hexatriene it is a t 39,750 cm.-1. Hence we m ay get a value of ft by elimin ating e from the two expressions (a) and (6) This value is only approxim ate because of the uncertainty of ymax in the two mole cules, the maximum error being about 1000 cm.-1 or 3 kcal. Hiickel gave the approximate value of 20 kcal. per mole for /?. Lennard-Jones, taking into account the * energy of compression ' of the links due to the resonance, gives /? as 35 kcal. for a bond length of 1-34A. Mulliken, Rieke & Brown (1941) , considering also the effects of hyper-conjugation, give 45 kcal. for a bond length of 1-33 A.*
We may also get a value of /? from the difference in ionization potentials of hexa triene and -dimethyl-butadiene, making the assumption th a t this difference is equal to the difference in bonding energies in the two molecules. Strictly, we should use a^-dimethyl-butadiene, b u t since the ionization potential of this is not known we use th a t of the fiy compound (which is possibly a few hundredths of a volt higher) The fact th a t this result is of the right order of m agnitude supports the value of 8-23 V for the first hexatriene ionization potential.
In the series of conjugated open-chain molecules ethylene, butadiene and hexa triene, the ground state of the least strongly bound electron rises progressively with increasing conjugation. A graph of first ionization potential plotted against num ber of carbon atoms (figure 2) shows a smooth curve, the extrapolation of which enables the lowest ionization potential of octatetraene to be predicted as ~ 7-8 V. Similarly the transition shifts to longer wave-lengths w ith increasing conjugation. Figure 2 also shows the smooth curve obtained by plotting the vmax of the transitions against the num ber of carbon atoms. From this graph vm&x for -> in octatetraene may be predicted to be a t about 35,000 cm.-1 (2860 A). This is not far from the value (38,000 cm.-1) predicted by Mulliken's approxim ate calculation (Mulliken 19396) .* Extrapolation of this curve shows th a t colour will develop when about sixteen carbon atoms or eight conjugated double bonds are present, in agreement with a well-known fact.
The absorption spectra of hexatriene and divinyl acetylene A graph of first ionization potential against pmax of A-*-(figure 3) is very close to a straight fine which m ust mean th a t the same causes which determine the drop in ionization potential determine the shift in the AP^ frequency. If both these effects were solely due to changes in bonding energies, then the shift in the AJ^ transition would be expected to be twice the shift in ionization potential. In actual fact the ratio is only 1*2:1-th at is, the NVt transition moves about 1-2 V to long wave lengths for every 1V drop in ionization potential. For an AT* frequency of 34,000 cm.-1 predicted for octatetraene the graph indicates an ionization potential of 7*72 V in agreement with a value of 7-8 V obtained from figure 2. The graph also agrees in predicting ionization potentials between 6 and 7 V for those conjugated polyenes th a t absorb in the visible. Table 2 tabulates the results from which these graphs have been drawn. The terminal vinyl groups of hexatriene may be either or trans with respect to the central ethylenic nucleus. Farmer, Laroia, Switz & Thorpe (1927) thought they had found evidence of two forms which they took to be cis and trans. Kharasch & their opinion th a t there was no satisfactory chemical evidence for the existence of two forms. Because of the resonance between the three double bonds, the single bonds which separate them should take on a certain fractional double-bond character --|-(i.e. resonance occurs to a structure such as CH2-C H = C H -CH-CH-CH2). The requirement for any isomeric form of hexatriene with a tt electron on each carbon atom is th a t all the six carbon atoms should be coplanar. This leads to the following possible isomeric forms which are labelled by an extension of the system of nomen clature used by Mulliken (1942) . The relation of the two adjacent double bonds to the single 's ' (partially double) bonds is first given, and following this the relation of the two outer double bonds with respect to the central double bond. I t appears likely th a t the more extended forms are more stable in the gas phase a t room tem peratures, the more contorted forms being more stable in the liquid and solid phases
The absorption spectra of hexatriene and divinyl acetylene at low temperatures. This is true in the case of butadiene which appears to be mainly trans a t room temperatures but mainly cis at -80° C (Rasmussen, Tunnicliffe & B rattain 1943) . If repulsion between the double bonds governs the form, then we should expect forms I and IV to be most stable in the gas phase, and it is quite probable th at the two sets of progressions obtained for the 2600-2200 A absorption region are associated one with each of these forms. Mulliken (19396) shows th at the transition N ->VX is expected to be more intense for the most extended structures of conjugated polyenes than for the more compact structures. For example, trans stilbene is known to have a more intense N transition than cis stilbene, as Mulliken & Rieke (1941) have pointed out. Further, it can be shown th at transitions are much stronger than N.-+-V& V3 or V4 tr case of trans hexatriene and to a lesser extent in the case of the form. According to Mulhken's calculations, if hexatriene were entirely s-trans, trans, then N^V 2 would be forbidden and N->VZ, V4, etc. would be very weak. Cis hexatriene permits N->V2 (though weakly compared with A->f^) and slightly raises the intensity of N V3, V , etc. Thus in either form the N -> V transitions are for N->Vv This fact makes it unlikely th a t the strong diffuse region in the neigh bourhood of 1750 A is predominantly N -*■ V in ch sents a transition to a Rydberg upper state perturbed by a weak N -> V transition. Certain intensity anomalies are associated with this particular absorption, namely, th a t it appeared relatively more strongly in the earlier spectra obtained w ith the freshly prepared material (figure 7 (i), plate 2) th an in the photographs taken a t a later date (figure 7 (ii), plate 2). Thus it may in p a rt be due to a more volatile im purity such as a partially hydrogenated hexatriene which was eventually pumped off.
The spectrum of divinyl acetylene
Divinyl acetylene was prepared for us by the m ethod of Nieuwland, Calcott, Downing & Carter (1931) . The far ultra-violet spectrum of divinyl acetylene resembles in many ways th a t of hexatriene. I t starts slightly to long wave-lengths relative to hexatriene. At 2560 A (see plate 2) there begins a progression of three strong diffuse bands separated by about 2040 cm. This vibration is w ithout doubt a symmetrical carbon-carbon valence vibration localized mainly in the triple bond. There is also a trace of faint diffuse bands accompanying the stronger ones a t a distance of ca. 1400 cm.-1 to the short wave length side. These probably represent a symmetrical carbon-carbon valence fre quency localized mainly in the two double bonds. The next main region of absorption is in the range from 2040 to 1700 A, where there occurs a number of diffuse bands superimposed on a background of continuous absorption. The absorption maxima of these bands are separated by distances of 2000-2500 cm.-1, which presumably again represent a valence vibration, this time mainly in the triple bond. The absorp tion in this region is considerably weaker than th a t in the 2600-2200 A neighbour hood. At still shorter wave-lengths weaker diffuse absorption bands occur, merging into continuous absorption below 1400 A, probably arising from the excitation of electrons in CC and CH bonds. Certain anomalies were observed in the divinyl acetylene photographs according to the time they were taken. The spectrum of the freshly prepared material is shown in figure 6 (i), plate 2. After a lapse of several days the material gave a spectrum as in figure 6 (ii), plate 2. I t can be seen th a t the fresh material gave additional bands in the region 2200-2100 A and also below 1700 A. These changes may be due to the evaporation of an im purity more volatile than divinyl acetylene, likely bodies being those formed by the hydrogenation of one or both of the double bonds. The bands occurring below 1700 A are obviously Rydberg bands, very similar to those found for acetylene (Price 1935) , and they lead to an ionization potential of ~ 10-5 V which is probably to be associated with an alkyl acetylene. The electronic structure of divinyl acetylene is similar to th a t of hexatriene except th a t an additional it electron is located on each of the two central carbon atoms. These electrons we may call iry electrons in distinction to the ttx electrons of the central bond which are present in hexatriene. The ttx electrons have orbitals whose axes are parallel to those of the n electrons on the outer four carbon atoms which m ay also be called nx electrons. Conjugation occurs between the six exactly as for hexatriene, except th a t the four middle carbon atoms are now linear. The 7Ty electrons, having orbitals perpendicular to those of the ttx electrons, do not conjugate w ith them. The similarity of the first regions of absorption in hexatriene and divinyl acetylene shows th a t the ttx electrons are involved in these transitions which are therefore probably NVX in character. In both molecules Vx appears to be the most strongly absorbing of all the excited states.
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